Introduction {#Sec1}
============

Among pesticides, the family of phenylurea herbicides has received particular attention in recent years because of its high biotoxicity and possible carcinogenic properties. Moreover, these compounds require several weeks, or even months, to be removed from the environment, inhibit photosynthesis and are widely used to control weeds in different crops. Linuron \[3-(3,4-dichlorophenyl)-1-methoxy-1-methyl urea\] is a selective *N*-methoxy-*N*-methyl substituted phenylurea that is considered to be moderately to highly toxic to aquatic organisms (Orme and Kegley [@CR8]). In addition, linuron is suspected to act as an antagonist for androgen receptor affecting the male reproductive system and therefore is also of concern for human health (McIntyre et al. [@CR7]). Although linuron is moderately persistent and relatively immobile in soil, runoff and leaching can result in the migration of this compound to surface and groundwater bodies, with attendant environmental risks (U.S. EPA [@CR15]). Therefore, understanding of the natural attenuation of linuron in the environment is important. Under field conditions, the half-life time for linuron varies from 30 to 150 days for different soil types, with an estimated average half-life of 60 days (U.S. EPA [@CR14]).

Linuron is a hydrophobic herbicide that has been increasingly detected in surface and ground water and is mainly adsorbed by the organic matter fraction of soil (Sánchez-Martin et al. [@CR10]; Sánchez-Camazano et al. [@CR9]).

In many agricultural situations, the use of tank mixes and complex spray programs is a common practice (Fogg et al. [@CR3]). It is known that due to several pesticide applications in one vegetation season, a pesticide may be present in mixtures with other pesticides or xenobiotics in soil. There is evidence that the persistence of a number of pesticides may be changed when used in combination with other pesticides (Walker [@CR16]; Karanth et al. [@CR5]; Swarcewicz and Gregorczyk [@CR12]). Insecticides, fungicides and a herbicide being applied in potato protection were used in this research. Potential interactions between linuron and insecticides, such as thiamethoxam and clothianidin, and fungicides, such as mancozeb and chlorothalonil, were examined in soil. The objective of this research was to compare the degradation rate of linuron with five pesticides mixtures in soil using a single first-order model and expanded statistical analysis. The selection of linuron as a model herbicide was somehow arbitrary, except that it was widely used in Poland for many years and its residues can be still found in the environment.

Materials and methods {#Sec2}
=====================

Sampling and soil materials {#Sec3}
---------------------------

Commercial formulations of linuron (Linurex 500 SC, 500 g a.i. · L^−1^, Makhteshim Agan Industries Ltd.), thiamethoxam (Actara 25 WG, 25 g a.i. · kg^−1^, Syngenta Crop Protection AG), clothianidin (Apacz 50 WG, 50 g a.i. · kg^−1^, Arysta LifeSciences), mancozeb (Indofil 80 WP, 80 g a.i. · kg^−1^, Arysta LifeSciences), chlorothalonil (Gwarant 500 SC, 500 g a.i. · L^−1^, Arysta LifeSciences) and the analytical grade of linuron were used throughout the study. Two soils were used in all analyses. The first soil was a sandy loam from Lipnik with textural composition of 72 % sand, 16 % silt and 12 % clay. This soil had a pH of 6.4 in CaCl~2~, organic matter 1.7 % and cation exchange capacity of 2.20 cmol · kg^−1^. The second soil, from Ostoja, was a clay loam with 40 % sand, 34 % silt and 26 % clay and 1.5 % organic matter, and a pH of 6.3. Both soils are commonly used in agricultural production, and all soil characteristics being presented describe the 0- to 10-cm soil horizon, air dried and finally screened through a 3-mm sieve.

Procedure {#Sec4}
---------

Soil portions (450 g) were treated with aqueous solution of linuron and five mixtures of linuron with (1) mancozeb, (2) chlorothalonil, (3) thiamethoxam, (4) clothianidin and (5) thiamethoxam and mancozeb. All treatments were replicated three times. The persistence of linuron in soil under laboratory conditions was analysed using a concentration of 2 mg · kg^−1^ air-dried soil, while that of mancozeb, chlorothalonil, thiamethoxam and clothianidin at 2.1, 2.0, 10 and 5 mg · kg^−1^, respectively. The pesticide solutions were used to adjust the water content of soil to 60 % of field capacity. After mixing the soil, samples were transferred into jars and incubated at 22 °C ± 2 °C. The jars were opened once a week, for the sake of aeration, and the water content was adjusted by weighing. Three 50-g samples of each treatment were taken for the analysis of herbicide residues 1 h after initial mixing and 1, 10, 20, 30, 40, 70 and 90 days after treatment. A 5.0-g portion of each sample was taken for moisture measurement, and 50-g soil samples were shaken for 1 h on a wrist-action shaker with 100 mL of methanol. After shaking, the soil was allowed to remain in contact with the solvent for further 20 h before being shaken for another 1-h extraction period.

Analytical method {#Sec5}
-----------------

The concentration of linuron in the filtrate was determined using the HPLC. The analysis was performed on a Waters 600E HPLC chromatographic system equipped with PAD (UV) detector, Waters Nova Pack C18 column (3.9 × 150 mm), 60 Å and packing size 4 μm. The UV detection was performed while set to 249 nm. For the analysis, the mobile phase consisted of MeOH/water (80:20 *v*/*v*). The flow rate was 1 cm^3^ · min^−1^, volume injected 5 μL. A HP Waters Millenium Software data system was used to collect, integrate and analyse the chromatographic data. The limit of determination was 0.012 mg · kg^−1^, the efficiency of recovery was 82 ± 8 % (±RSD), and the detection limit was 0.005 mg · kg^−1^.

Statistical procedures {#Sec6}
----------------------

The kinetic of herbicide decomposition in soil can be reasonably well described by the first-order equation (SFO model): *C* = *C*~*0*~ exp(−*kt*), where *C*---concentration after time *t* (mg · kg^−1^), *C*~*0*~---initial concentration (mg kg^−1^), *k*---rate constant (days^−1^) and *t*---time (days) (Kah et al. [@CR4]; Beulke et al. [@CR1]). The time for 50 % disappearance of linuron in soil (*t*~1/2~) was obtained from the following equation: *t*~1/2~ = ln 2/*k*. The second parameter was DT~90~ = ln 10/*k*. The estimates of mathematical model parameters were found using the Levenberg--Marquardt non-linear method (loss function: minimum of residual squares sum), available in Statistica 9.0 (StatSoft, USA) software package. Structural parameters of the degradation function were verified by means of the Student's *t* test at the 0.01 level of significance. As the accuracy of approximation for the estimated curves to experimental data was accepted by the residual sum of squares (RSS), the coefficient of determination (*R*^2^) can be calculated as the ratio of model variance by total variance and standard error of estimation (SEE):$$\documentclass[12pt]{minimal}
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The least squares method was used which was then verified (FOCUS [@CR2]; Kucharski and Sadowski [@CR6]). Minimum residual sum of squares is a criterion of the least squares method. The *χ*^2^ test considers the deviations between measured and predicted values to the uncertainty of measurements (FOCUS [@CR2]). The measurement uncertainty is expressed as the percentage of measurement error (err) that is used to scale the mean value being observed:$$\documentclass[12pt]{minimal}
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If the *χ*^2^ value being calculated is less than or equal to the tabulated value, then a separate model is appropriate at the chosen level of significance.

Results and discussion {#Sec7}
======================

The disappearance of linuron in soil samples was analysed in six treatments. These treatments are given in Table [1](#Tab1){ref-type="table"} with the time for 50 % disappearance of linuron (*t*~1/2~ using SFO). The results showed that the mixture of linuron with mancozeb in both soils significantly affected persistence of linuron. Other mixtures of linuron with chlorothalonil, thiamethoxam and clothianidin did not have any effect.Table 1Comparison the linuron dissipation time and rate constant in five pesticide mixtures in two soilsTreatmentSandy loamClay loam*k* ± SE (10^−2^ days^−1^)*t* ~1/2~ ± 95 % CI (days)*k* ± SE (10^−2^ days^−1^)*t* ~1/2~ ± 95 % CI (days)Linuron1.88 ± 0.0436.9 ± 1.61.55 ± 0.0644.4 ± 3.4Linuron + mancozeb1.14 ± 0.0759.4 ± 2.51.10 ± 0.0761.7 ± 3.8Linuron + chlorothalonil1.89 ± 0.0336.5 ± 0.81.62 ± 0.0442.5 ± 2.5Linuron + thiamethoxam1.88 ± 0.0337.0 ± 0.61.51 ± 0.0845.1 ± 4.4Linuron + clothianidin1.84 ± 0.0437.8 ± 1.51.61 ± 0.1042.3 ± 2.7Linuron + thiamethoxam + mancozeb1.09 ± 0.0763.8 ± 7.91.03 ± 0.0567.5 ± 7.4*SE* standard error, *k* rate constant, *t* ~1/2~ half-life time, *CI* confidence interval

During the last experiment, the herbicide concentration decreased in the two soils and was expressed in the exponential model, as shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1Comparison of the linuron degradation in sandy loam soil (**a**) and clay loam soil (**b**). Fitting of the SFO model: linuron + thiamethoxam + mancozeb (*dashed line*); linuron only (*solid line*) to experimental data. *Symbols* represent mean values of three replications and standard deviations

The studies with a mixture of isoproturon and chlorothanoil showed that interactions between pesticides are possible in soil (Fogg et al. [@CR3]). A mixture of pendimethalin, thiamethoxam and mancozeb significantly inhibited the degradation rate of herbicide pendimethalin (Swarcewicz and Gregorczyk [@CR12]). The study by Wybieralski et al. ([@CR17]) and Swarcewicz et al. ([@CR13]) showed mancozeb and its mixture with insecticides, such as bromfenvinphos, diazinon and metribuzin to affected respiration and nitrification processes in a loamy sand. The preplant fumigant Vorlex can induce destruction of soil fungi, resulting in an increasing persistence of linuron (Smith [@CR11]). This suggested that mancozeb could influence the biodegradation of other herbicides in soil. Microbial degradation has been shown to be a major source of uncertainty for complex mixture fate prediction. From few studies reported, it may be concluded that the breakdown of major herbicides is not being significantly affected by application in combination with other herbicides, which was confirmed in this study. As examples of the applied expanded statistical analysis of the obtained results, two treatments were selected: linuron alone and in mixture of thiamethoxam plus mancozeb. In sandy loam soil, a significant difference between treatments occurred after 20 days, while in clay loam, it was observed before that time.

The results of Shapiro--Wilk test (probability level *P* \> 0.05) did not give the basis for rejecting the hypothesis of normal residual distribution. An important assumption of the least squares methods is homoscedasticity of residuals. The difference between the observed value of dependent variable and the predicted value is called a residual (error term). Homoscedasticity requires that the variance of residuals is constant for all observations. If the points in a residual plot are randomly dispersed around the axis of independent values, a regression model is appropriate for these data. The residual plot (Fig. [2](#Fig2){ref-type="fig"}) shows a fairly random pattern. This random pattern indicates that the applied regression model provides a decent fit to experimental data.Fig. 2Residual plot of the SFO model of herbicide degradation in two soils: sandy loam---linuron (**a**) and linuron + thiamethoxam + mancozeb (**b**); clay loam---linuron (**c**) and linuron + thiamethoxam + mancozeb (**d**)

The goodness of first-order fits to the degradation data was characterised using a combination of visual assessment and a *χ*^2^ test being recommended by FOCUS ([@CR2]). The results of statistical analysis (Table [2](#Tab2){ref-type="table"}) showed a slightly better fit to the SFO model for linuron in soils (*R*^2^ = 0.983--0.995) as compared to the pesticide mixture (*R*^2^ = 0.939--0.959). This ascertainment confirmed other statistics, in particular the value of measurement error percentage (Eq. 2). Calculation of the values of *χ*^2^ test (Eq. 3) for type of soil and treatments were the same *χ*^2^ = 31.41. The comparison of this value with that for *α* = 0.05 and df = 22--2 = 20 in the statistical table was equal. The values of minimum scaled error were less than the percentage of measurement error, and it was a reason for using Eq. 3. This statistical analysis showed that the null hypothesis cannot be rejected, and the first-order kinetic can be useful for describing the linuron degradation in soil.Table 2Statistical analysis of the results of the SFO model fitting to experimental dataStatisticSandy loamClay loamLinuronLinuron + thiamethoxam + mancozebLinuronLinuron + thiamethoxam + mancozebRSS0.03250.2220.2220.147*R* ^2^0.9950.9390.9390.959SEE0.04030.1060.1060.0857mean1.1941.3801.3801.439err2.706.106.104.75min. err0.03220.08420.08420.0684χ^2^ ~cal~31.4131.4131.4131.41H~o~So do not rejectSo do not rejectSo do not rejectSo do not reject*RSS* residual sum of squares, *R* ^2^ determination coefficient, *SEE* standard error of estimation, *mean* mean of observed values, *err* measurement error percentage, *min err* scaled error, *χ* ^2^ ~cal~ calculated value of *χ* ^2^ test, *H* ~*o*~ null hypothesis

Further studies of the persistence of crop protection agents in combinations in soil may provide an insight into the mechanism of degradation of other herbicides and may suggest other ways in which formulations might be modified to control the loss rates.
